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ABSTRACT
We present Spitzer Space Telescope variability monitoring observations of three
low-gravity L dwarfs with previous detections of variability in the near-IR,
2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36. We detect significant,
periodic variability in two of our targets, 2MASS J0045+16 and 2MASS J0501−00. We
do not detect variability in 2MASS J1425−36. Combining our new rotation periods
with rotational velocities, we calculate inclination angles of 22± 1◦, 60+13−8 ◦ and 52+19−13 ◦
for 2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36 respectively. Our three
new objects are consistent with the tentative relations between inclination, amplitude
and color anomaly previously reported. Objects with the highest variability ampli-
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tudes are inclined equator-on, while the maximum observed amplitude decreases as the
inclination angle decreases. We also find a correlation between the inclination angle
and (J −K)2MASS color anomaly for the sample of objects with measured inclinations.
Compiling the entire sample of brown dwarfs with Spitzer variability detections, we find
no enhancement in amplitude for young, early-L dwarfs compared to the field dwarf
population. We find a possible enhancement in amplitude of low-gravity late-L dwarfs
at 4.5 µm. We do not find a correlation between amplitude ratio and spectral type for
field dwarfs or for the young population. Finally, we compile the rotation periods of a
large sample of brown dwarfs with ages 1 Myr to 1 Gyr and compare the rotation rates
predicted by evolutionary models assuming angular momentum conservation. We find
that the rotation rates of the current sample of brown dwarfs fall within the expected
range set by evolutionary models and breakup limits.
Keywords: brown dwarfs – stars: rotation – stars: variables: general – techniques:
photometric
1. INTRODUCTION
Photometric variability monitoring directly probes atmospheric features in exoplanet and brown
dwarf atmospheres, as it is sensitive to the spatial distribution of inhomogeneities such as condensate
clouds, compositional and/or temperature fluctuations (Marley et al. 2012; Tremblin et al. 2016) as
a planet rotates. Variability studies of field brown dwarfs have begun to reveal the complex, evolving
nature of their atmospheres (Biller 2017; Artigau 2018, and references therein). Recent variability
monitoring with Spitzer and the Very Large Array has provided the first direct measurements of
the wind speed on a brown dwarf, finding a strong eastward wind of ∼ 650m/s for the cool T dwarf
2MASS J10475385+2124234 (Allers et al. 2020). For the majority of directly-imaged planets however,
the contrast between host star and planet make it difficult to obtain sufficiently high S/N photometry
to allow precise variability monitoring (Apai et al. 2016). Young, free-floating brown dwarfs provide
an excellent analog to directly-imaged planets. They share remarkably similar masses, radii and
spectra with the directly-imaged planets (Faherty et al. 2016; Liu et al. 2013, 2016) and can be
observed in detail with current facilities.
In recent years variability studies of the low-gravity exoplanet analogs have revealed important
insights into their atmospheres. Metchev et al. (2015) noted a tentative correlation between low-
gravity and high-amplitude variability in a sample of six mid-L type brown dwarfs as part of a larger
Spitzer variability survey. A number of high-amplitude variability detections have since been reported
in free-floating planetary-mass objects (Biller et al. 2015; Lew et al. 2016; Vos et al. 2018; Schneider
et al. 2018) and wide, low-gravity companions (Zhou et al. 2016, 2019, 2020; Bowler et al. 2020).
In Vos et al. (2019) we carried out a large ground-based, J-band survey for variability in isolated
low-mass brown dwarfs, finding a 30% variability fraction among low-gravity L dwarfs, compared to
11% for the higher gravity, field brown dwarf population surveyed by Radigan et al. (2014). This
may be a result of the high altitude clouds found in low-gravity atmospheres (Marley et al. 2012)
providing a higher contrast ratio between cloud layers which would enhance the amplitude produced
by inhomogeneities in the cloud deck.
Young L Variables with Spitzer 3
As part of a large survey for J-band variability in low-mass brown dwarfs with NTT/SofI, we
detected variability in 6 young L-type dwarfs (Vos et al. 2019). We have carried out follow-up
monitoring of 2 detections, the late-L objects PSO J318.533822.8603 (PSO 318.5-22) and 2MASS
J2244316+204343 (2M2244+20) in previous Spitzer cycles (Biller et al. 2018; Vos et al. 2018) and
here we present follow-up mid-IR monitoring of the three L2–L5 spectral type detections from this
survey – 2MASS J00452143+1634446 (hereafter 2MASS J0045+16), 2MASS J05012406−0010452
(hereafter 2MASS J0501−00) and 2MASS J14252798−3650229 (hereafter 2MASS J1425−36).
All three objects show robust evidence of youth and/or low-gravity. The L2 object
2MASS J0045+16 is a confirmed member of the 50 Myr old Argus association (Faherty et al. 2016;
Liu et al. 2016), and shows signs of very low-gravity in its spectrum (Gagne´ et al. 2015; Allers & Liu
2013). Riedel et al. (2019) find that the kinematics of 2MASS J0045+16 may be consistent with the
younger 23 Myr β Pictoris moving group using their LACEwING group membership code (Riedel
et al. 2017). The L3 object 2MASS J0501−00 is not associated with a known young moving group
but shows signs of very low gravity in its optical and IR spectra (Cruz et al. 2009; Allers & Liu 2013).
Both Liu et al. (2016) and Faherty et al. (2016) classify 2MASS J0501−00 as a young field object.
The L4 object 2MASS J1425−36 is a member of the 110− 150 Myr old AB Doradus moving group
(Faherty et al. 2016; Liu et al. 2016) and has been classified as an intermediate-gravity object based
on its IR spectrum (Gagne´ et al. 2015). All three targets have estimated evolutionary model masses
of 20− 25 MJup based on their bolometric luminosities (Faherty et al. 2016).
In addition, we obtained Gemini/GNIRS high-resolution spectra of 2MASS J0501−00 and re-
reduced Keck/NIRSPEC spectra for 2MASS J0045+16 and 2MASS J0501−00. In Section 2 we
describe the analysis of our high-resolution spectra, in Section 3 we describe the Spitzer observations
and data reduction, in Section 4 we describe how we identified variables and in Sections 7, 8 and 9
we describe our results in the context of brown dwarf variability amplitudes, inclination angles and
rotation periods.
2. TARGET ROTATIONAL VELOCITIES AND MAXIMUM PERIODS
2MASS J0045+16 and 2MASS J1425−36 have high-resolution NIRSPEC-7 data from
Keck/NIRSPEC in the Keck Observatory Archive (Program IDs C34NS, N58NS; PI: Charbonneau).
We additionally obtained a high-dispersion spectrum of 2MASS J0501−00 using Gemini/GNIRS
(PID: GN-2017B-Q-58). We used the 111 l/mm grating and the long camera (0.05′′ per pixel) with
a 0.10′′ slit, centered at 2.3 µm. We obtained four 600 s exposures taken in an ABBA nod pattern.
The data were reduced using a modified version of the redspec package as described in Vos et al.
(2017).
We use the method outlined in our previous work (Allers et al. 2016; Vos et al. 2017) to calculate
the radial and rotational velocity of our three targets. We use forward modelling to simultaneously fit
the wavelength solution, the scaling of telluric line depths, the FWHM of the instrument line spread
function and the target radial and rotation velocity. The BT-Settl model atmospheres (Allard et al.
2012) are used as the intrinsic spectrum for each target. We use MCMC methods to determine the
posterior distributions for our forward model parameters. To ensure that the median absolute residual
of the fit agrees with the median uncertainty of our spectra, we include a systematic uncertainty in
our analysis. We obtain a systematic uncertainty of 1.9% for 2MASS J0045+16, and 1.7% for
2MASS J0501−00 and 3% for 2MASS J1425−36. Radial velocity (RV) and v sin(i) values and their
1σ uncertainties are determined from their marginalized distributions obtained from our MCMC
4 Vos et al.
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Figure 1. Top panel: Gemini/GNIRS spectrum of 2MASS J0501−00 shown in black, with our best fit
model overplotted in red. Bottom panel: Residuals of the fit.
method. For more detail on the method we refer to reader to Allers et al. (2016). In Figure 1 we
show the observed spectrum of 2MASS J0501−00, our fit to the data and the residuals of the fit. We
show our measured v sin(i) and RV values for all three targets in Table 2.
Blake et al. (2010) have previously reported v sin(i) values for 2MASS J0045+16 and
2MASS J1425−36. For 2MASS J0045+16, they report a value of 32.82± 0.17 km/s, which is within
3σ of our value. Our obtained uncertainty (∼ 0.4 km/s) is significantly larger than the reported un-
certainty of ∼ 0.17 km/s in Blake et al. (2010). For 2MASS J1425−36, they report a v sin(i) value of
32.37±0.66 km/s, which is within 2σ of our value. Our obtained uncertainties for 2MASS J1425−36
are similar to the reported uncertainties from Blake et al. (2010). No previous v sin(i) values have
been reported for 2MASS J0501−00.
By combining our measured v sin(i) values with a radius estimate (Filippazzo et al. 2015), we
determine the maximum rotation period for each of our three targets. We find that the maximum
rotation period for 2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36 are ∼ 6.4 hr, 19.6 hr
and 5.6 hr respectively. In order to accurately constrain the rotation period of each of our targets we
chose an observation duration twice that of each object’s maximum rotation period for our Spitzer
variability monitoring observations.
3. SPITZER OBSERVATIONS AND DATA REDUCTION
We used the Infrared Array Camera (IRAC; Fazio et al. 2004) to observe our targets in the Channel
1 (3.6 µm) and Channel 2 (4.5 µm) bands as part of the Cycle 14 Program: “Weather and Rotation of
Young Brown Dwarfs” (PID: 14019). We observed each target for twice their rotation period in both
bands, resulting in a total observation duration of 12.8 hr, 39.2 hr and 11.2 hr for 2MASS J0045+16,
2MASS J0501−00 and 2MASS J1425−36 respectively. The observations were designed following the
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Figure 2. Raw Spitzer/IRAC photometry obtained from aperture photometry is highly correlated with x
and y sub-pixel positions. We correct for this by fitting a cubic function. Top panels show the correlation
between the raw flux and pixel position. Bottom panels shows the corrected flux plotted against pixel
position. Spearman’s ρ coefficient is a measure of the significance of correlation between two values – in all
cases Spearman’s ρ coefficient decreases after pixel phase correction.
recommendations for obtaining high precision photometry from the Spitzer Science Center. Science
observations were preceded by a 30-minute dithered sequence to remove the initial slew settling that
occurs when acquiring a new target, and followed by a 10-minute dithered sequence. The target
was placed on the well-characterized “sweet spot” of the detector for science exposures to minimize
correlated noise.
Photometry was obtained from the Basic Calibrated Data (BCD) images produced by the Spitzer
Science Center using pipeline version S19.2. The box centroider.pro routine was used to find
the centroids of the target and reference stars of similar brightness in the field of view. Aperture
photometry was performed on the target and reference stars using apertures with radii of 2.0 − 4.0
pixels, in steps of 0.2. We choose the final aperture size that produces the lowest rms target light
curve. Outliers were identified and rejected from the raw light curves using a 6σ clip.
Spitzer/IRAC photometry is known to exhibit a systematic effect due to intra-pixel sensitivity
variations, known as the pixel phase effect. The top panels Figure 2 show that the raw photometery
is highly correlated with the x and y sub-pixel coordinates. We quantify the strength of correlation by
calculating Spearman’s ρ coefficient (Press et al. 1986). We model the pixel phase effect as a function
of the x and y coordinates, and find that linear and quadratic fits do not correct the observed
correlation. We model the pixel phase effect using a cubic function of the x and y coordinates
(Knutson et al. 2008; Heinze et al. 2015):
f(x, y) = P0 + P1x+ P2y + P3xy + P4x
2 + P5y
2 + P6x
3 + P7y
3 + P8x
2y + P9xy
2 (1)
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Figure 3. Top panel: Full corrected Spitzer light curve of 2MASS J0045+16. 3.6 µm data is shown in green
and 4.5 µm is shown in pink. Circles show 30-sec cadence and triangles symbols show 10 minute cadence.
Best-fit sinusoidal models from our MCMC analysis for each channel is overplotted in black. Bottom panels:
Periodograms for each observation. The target periodogram is shown in black, reference star periodograms
are shown in grey, and the 95% and 99% significance thresholds are shown by the blue dashed lines. The
periodogram of 2MASS J0045+16 peaks well above the significance thresholds in both wavelengths. A
sinusoidal model fit to both light curves favors a period of 2.4± 0.1 hr.
where f(x, y) represents the measured flux, Pi are the fitted coefficients, and x and y are the sub-
pixel coordinates. We correct the light curves of the target and reference stars using Equation 1, and
find that the fitted coefficients Pi are similar for the target and reference stars. We find that this
correction decreases the correlation between the flux and pixel position for each observation (Figure
2 for 2MASS J0045+16). We present the final corrected light curves in the top panels of Figure
3, 4 and 5. We additionally show how the x and y pixel positions vary during each observation in
Figures 17, 18 and 19. The variation in pixel position does not correlate with the corrected flux of
our variable and non-variable targets.
4. IDENTIFICATION OF VARIABLES
We search for variability in our observed light curves using the periodogram analysis outlined in
Vos et al. (2018) and using a Bayesian framework outlined in Naud et al. (2017).
4.1. Variability Detection with Periodogram Analysis
We calculate the Lomb-Scargle periodograms of our target and reference star light curves (Scargle
1982) to assess the significance of their trends. For each observation we calculate the 95% and 99%
significance thresholds by simulating 1000 light curves from our observed reference stars. We create
the simulated light curves by randomly rearranging the indices of the reference star light curves,
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Figure 4. Top panel: Full corrected Spitzer light curve of 2MASS J0501−00. 3.6 µm data is shown in green
and 4.5 µm is shown in pink. Circles show 30-sec cadence and triangles symbols show 10 minute cadence.
Best-fit sinusoidal models from our MCMC analysis for each channel is overplotted in black. Bottom panels:
Periodograms for each observation. The target periodogram is shown in black, reference star periodograms
are shown in grey, and the 95% and 99% significance thresholds are shown by the blue dashed lines. The
periodogram of 2MASS J0501−00 peaks well above the significance thresholds in both wavelengths. We fit
a sinusoidal model to the full light curve, which favors a rotation period of 15.7± 0.2 hr.
which produces simulated light curves with Gaussian noise equal to that of our observed light curves.
The 95% and 99% significance thresholds are plotted in blue in the bottom panels of Figures 3 - 5.
The periodograms of targets 2MASS J0045+16, 2MASS J0501−00 (Figures 3 and 4) display power
that is significantly above the threshold at both 3.6 µm and 4.5 µm. The periodograms for each
target peak at roughly the same period in both channels, which further supports that the variation
is rotationally modulated. Our final target 2MASS J1425−36, shown in Figure 5 does not exhibit
periodogram power at the thresholds.
The periodogram analysis in Figure 5 confirms that 2MASS J1425−36 does not exhibit significant
variability in either channel. The sensitivity of our Spitzer observations and our knowledge of the
maximum period for this target (5.6 hr, Section 2) allow us to place strong constraints on the upper
limit of the variability amplitude at each wavelength. To determine these upper limits we create
a sensitivity plot, which shows the variability amplitudes and rotation periods detectable by each
observation. We inject sinusoidal curves into light curves with Gaussian-distributed noise similar to
that of 2MASS J1425−36. The simulated light curves have amplitudes of 0.05−0.5%, rotation periods
of 0.5−6 hr and random phase shifts. We analyse these simulated light curves using the periodogram
analysis discussed above and calculate the detection probability as the percentage of light curves with
a given variability amplitude and period that produces a periodogram power above the significance
threshold. We show these sensitivity plots in Figure 6. Adopting a detection probability of 90%
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Figure 5. Top panel: Full corrected Spitzer light curve of 2MASS J1425−36. 3.6 µm data is shown in green
and 4.5 µm is shown in pink. Circles show 30-sec cadence and triangles symbols show 10 minute cadence.
Bottom panels: Periodograms for each observation. The target periodogram is shown in black, reference
star periodograms are shown in grey, and the 95% and 99% significance thresholds are shown by the blue
dashed lines. The periodogram of 2MASS J1425−36 does not show a significant peak in either observation.
as our threshold, we place upper limits of 0.16% and 0.18% on the 3.6 µm and 4.5 µm variability
amplitudes respectively.
Estimating significance of variability using periodogram analysis assumes that the noise properties
of the target and reference stars are the same. This may not be the case if the reference stars are
significantly brighter or fainter than the target. The observations of 2MASS J0501−00 include a
number of reference stars with similar brightness, however 2MASS J0045+16 and 2MASS J1425−36
are brighter than their reference stars by ∆mag ∼ 1−2. The method also assumes that white noise is
the only noise contribution. Reference stars with obvious variability are identified by eye and removed,
but there may be residual time-correlated noise in the target and reference stars if the systematics were
not adequately removed by Equation 1. If this is the case the significance thresholds may be slightly
underestimated. Since none of the reference star periodograms in Figures 3, 4 and 5 peak above
the estimated significance thresholds and none of the reference star periodograms peak at periods
similar to the periods of our variable targets, it is likely that the contributions from non-white noise
do not affect our ability to identify variability using the Lomb-Scargle periodogram. Additionally,
since periodic variability is independently recovered in both channels for 2MASS J0045+16 and
2MASS J0501−00, it is likely that the variability is astrophysical in nature.
4.2. Variability Detection Using the Bayesian Information Criterion
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Figure 6. Sensitivity plots for Spitzer 3.6 µm (left) and 4.5 µm (right) observations of 2MASS J1425−36.
The color scale shows the variability detection probability as a function of amplitude and period. Adopting
a detection probability of 90% as our threshold, we place upper limits of 0.16% and 0.18% on the 3.6 µm
and 4.5 µm variability amplitudes respectively.
We additionally use the Bayesian Information Criterion (BIC) to search for variability in each
observation, following the method described in Naud et al. (2017). The BIC is defined as
BIC = −2 ln Lmax + k ln N (2)
where Lmax is the maximum likelihood achievable by the model, k is the number of parameters in
the model and N is the number of datapoints used in the fit (Schwarz 1978).
For each observation, we calculate ∆BIC = BICsin−BICflat to assess whether the variable sinusoidal
or non-variable flat model is favored by the data. The BIC penalizes the sinusoidal model for having
additional parameters compared with the flat model. These values are shown in Table 1. A negative
value of ∆BIC indicates that the sinusoidal model is favored and a positive value indicates that the
non-variable, flat model is favored. A |∆BIC| value between 0 and 6 indicates that one model is
positively favored over the other, a value between 6 and 10 indicates that one model is strongly
favored over the other and values above 10 indicate that one model is very strongly favored over the
other (Schwarz 1978). All of the |∆BIC| values shown in Table 1 are much greater than 10, showing
that these results are highly significant. A variable, sinusoidal model is very strongly preferred for
2MASS J0045+16 and 2MASS J0501−00, while a non-variable, flat model is very strongly favored
for 2MASS J1425−36. These results are fully consistent with the periodogram method for identifying
variability discussed in Section 4.
4.3. Determining rotation periods using MCMC
To determine the rotation period and variability amplitude of our variable objects we use the MCMC
algorithm emcee (Foreman-Mackey et al. 2013) to fit a sinusoidal model to the data in each band
for 2MASS J0045+16 and 2MASS J0501−00. Both variable objects exhibit fairly uniform, sinusoidal
light curves and thus do not warrant a Fourier model fit with additional parameters (e.g Vos et al.
2018). For the MCMC analysis we use 1000 walkers with 10000 steps. We discard the initial 1000
steps as the burn-in sample. We check for convergence by visually inspecting the resulting chains for
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Target SpT Channel Amplitude (%) Period (hr) Phase (rad) ∆BIC
2MASS J0045+16 L2γ 1 0.18± 0.04 2.37+0.08−0.06 1.2+0.9−0.7 −44
2 0.16± 0.04 2.43+0.09−0.10 2.7± 0.3 −28
2MASS J0501−00 L3γ 1 0.36± 0.04 18.5+0.8−0.7 5.0± 0.4 −212
2 0.24± 0.04 14.7+0.9−0.8 2.6± 0.3 −69
1&2 0.28± 0.02 15.7± 0.2 3.1± 0.1
2MASS J1425−36 L4γ 1 < 0.16 < 5.6 ... 17
2 < 0.18 < 5.6 ... 17
Note—∆BIC = BICsin − BICflat
Table 1. Variability parameters of 2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36. Values
for 2MASS J0045+16 and 2MASS J0501−00 were obtaining using a sinusoidal model MCMC fit. Values for
2MASS J1425−36 were found from the sensitivity plots shown in Figure 6 and from the rotational velocity
measurements discussed in Section 2. The ∆BIC values show that the variable, sinusoidal model is strongly
favored for 2MASS J0045+16 and 2MASS J0501−00 and the non-variable, flat model is strongly favored for
2MASS J1425−36.
each parameter to check that they are consistent with random noise of constant mean and variance.
We also check that there is no difference between the parameter constraints obtained from the first
and second halves of the chain. Based on these two checks, we find that the MCMC converges well
for each sinusoidal model fit.
We show the final posterior distributions of the variability amplitude, rotation period and phase
in Figures 14 and 15, and present the best-fit parameters and their 1-σ errors in Table 1. We
overplot the best-fit sinusoidal model for each channel in Figures 3 and 4. The residuals of the fit are
normally distributed. For 2MASS J0045+16, the measured rotation periods of 2.37+0.08−0.06 hr at 3.6 µm
and 2.43+0.09−0.10 hr at 4.5 µm are fully consistent. In contrast, the two rotation periods obtained for
2MASS J0501−00 are quite different – 18.5+0.8−0.7 hr at 3.6 µm and 14.7+0.9−.8 hr at 4.5 µm. While the
longer period fits the 3.6 µm well, it does not provide a good fit to the 4.5 µm data. The shorter
period does a better job of fitting both channels. To estimate the most accurate rotation period
for 2MASS J0501−00 we fit a sinusoidal model to both channels simultaneously, finding a period of
15.7± 0.2 hr. We show the posterior distribution of the fit in Figure 16. We adopt 15.7± 0.2 hr as
the most likely rotation period.
4.4. Fitting the intra-pixel phase effect and astrophysical variability simultaneously
The pixel phase effect can in principle be covariant with astrophysical variability (Heinze et al.
2013). For the variable objects 2MASS J0045+16 and 2MASS J0501−00, it is possible that in cor-
recting for the pixel phase effect using Equation 1, the variability signal may have been distorted. For
these targets, we also fit their raw flux using a model that includes the pixel phase effect (Equation 1)
and a sinusoidal model to represent the variability, following previous Spitzer brown dwarf variability
and exoplanet transit studies (e.g. Metchev et al. 2015; Delrez et al. 2018).
We find that simultaneously fitting both the pixel phase effect and astrophysical variability simulta-
neously does not significantly affect the variability parameters in Table 1. However, the simultaneous
fit yields a higher correlation coefficient between the x and y-pixel positions and the measured flux
in all cases, suggesting that including the sinusoidal fit during this step worsens the intra-pixel phase
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effect correction. We use the BIC framework discussed in Section 4.2 to assess whether the extra
sinusoidal parameters are warranted by the data, and find that the pixel phase effect model (i.e.
Equation 1) is very strongly favored for each observation. This is likely because the pixel phase effect
has a much larger effect on the photometry than the low-amplitude astrophysical variability. Since
the results of the simultaneous fit are more highly correlated with pixel position than the original
fit, we use the light curves obtained using the the cubic correction model (Equation 1) for the rest
of the analysis.
5. ASSESSING THE EVIDENCE FOR PHASE SHIFTS BETWEEN CHANNELS
We investigate the possibility of phase shifts between the 3.6 µm and 4.5 µm light curves. Different
wavelengths probe different pressure levels in brown dwarf atmospheres (Buenzli et al. 2012), and
phase shifts can potentially provide valuable information on the vertical atmospheric structure. Phase
shifts have been observed in a number of brown dwarfs over the 1− 5 µm wavelength range (Buenzli
et al. 2012; Yang et al. 2016; Biller et al. 2018), but have not been reported between Spitzer Channels
1 and 2 (Metchev et al. 2015; Yang et al. 2016). Since the 3.6 µm and 4.5 µm bands probe similar
atmospheric pressures (Yang et al. 2016), phase shifts are not generally expected at these wavelengths.
The BIC framework described in Section 4.2 also provides a robust method to determine whether
the data warrant the addition of a phase shift between the 3.6 µm and 4.5 µm light curves for
2MASS J0045+16 and 2MASS J0501−00. The two models allow the variability amplitude to change
between the 3.6 µm and 4.5 µm light curves, but keep the period constant over both observations.
The phase shift model includes an additional phase shift parameter for the 3.6 µm data. The
BIC is particularly useful in this case since it will penalise the phase shift model for having an
additional parameter. For 2MASS J0501−00, we calculated ∆BIC = BICsin − BICphaseshift = −25,
i.e. the sinusoidal model without a phase shift is strongly favored. For 2MASS J0045+16, we find
∆BIC = BICsin − BICphaseshift = 5. In this case the model that includes a phase shift between
the light curves is positively favored, but this is not a significant result. We conclude that neither
2MASS J0045+16 nor 2MASS J0501−00 show a significant phase shift between their 3.6 µm and
4.5 µm light curves.
6. COMPARISON WITH NEAR-IR VARIABILITY DETECTIONS
We previously detected variability in all three targets in our ground-based, J-band survey for
variability in low-gravity brown dwarfs (Vos et al. 2019). Ground-based photometric monitoring
is an excellent method for detecting variable objects in the near-IR, but due to shorter observation
windows and weather constraints, space-based monitoring with Spitzer is more effective at measuring
rotation periods, particularly for low-gravity brown dwarfs which are thought to have longer rotation
periods (e.g. Vos et al. 2018). In Vos et al. (2019) we detected significant J-band variability in
2MASS J0045+16 during two ∼ 4 hr epochs separated by 2 years. We measured an amplitude of
∼ 1% during both observations, and found no evidence for light curve evolution between the two
epochs. Our Spitzer light curve appears sinusoidal over the entire observation, so it seems that both
the J-band and mid-IR light curves are stable. Periodogram analysis of the ground-based J-band
light curve suggested a rotation period of 3− 6 hr (Vos et al. 2019), while in this paper we measure
a period of 2.4± 0.1 hr. Both of the ground-based, J-band light curves have significant gaps in the
data due to poor weather during the observation, and this may explain the discrepancy between the
estimated ground-based J-band and measured Spitzer rotation period.
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Figure 7. Brown dwarfs with Spitzer detections of variability as a function of spectral type and (H −
K)2MASS color. Black points show the field L-T dwarf sequence from Dupuy & Liu (2012). The sample of
field brown dwarfs with detected mid-IR variability is shown by the dark blue circles and the sample of young
mid-IR variables is shown in dark pink. Variability amplitude upper limits are shown for the field and young
population in light blue and light pink circles with crosses respectively. The symbol area is proportional to
the variability amplitude. The data used for this figure is shown in Table 3.
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We detected J-band variability in 2MASS J0501−00 in two epochs in Vos et al. (2019). During
each ∼ 4 hr observation, we detected a slow downward trend, with a maximum J-band amplitude of
∼ 2%. Since we did not cover a full rotation period in either observation, our periodogram analysis
constrained the period to > 5 hr, which is consistent with our much longer Spitzer measurement
of 15.07 ± 0.2 hr. 2MASS J0501−00 exhibits higher J-band and Spitzer mid-IR amplitudes than
2MASS J0045+16.
2MASS J1425−36 was the lowest amplitude variable presented in Vos et al. (2019). We detected
variability during one epoch only, with an amplitude of∼ 0.7%. Our ground-based J-band monitoring
did not cover a full rotation period and our periodogram analysis favoured periods of 2− 4 hr (Vos
et al. 2019). We do not detect mid-IR variability in this object, and place upper limits on the
variability amplitude in each channel. Comparing the near-IR and mid-IR amplitudes of all three L
dwarfs observed in this paper reveals that 2MASS J0501−00 shows the highest mid-IR and near-IR
amplitudes, followed by 2MASS J0045+16, and 2MASS J1425−36 shows the lowest amplitudes. All
three targets show smaller amplitudes in the mid-IR than the J-band , which is consistent with such
amplitude measurements in young and field brown dwarfs (Biller et al. 2018; Metchev et al. 2015).
Atmospheric models predicts that the J-band probes deeper pressure levels than mid-IR wavelengths,
which would explain the lower mid-IR amplitudes (Buenzli et al. 2012).
7. MID-IR VARIABILITY AMPLITUDES OF YOUNG L DWARFS
Observed variability amplitudes are thought to vary with spectral type (Metchev et al. 2015; Radi-
gan et al. 2014), inclination angle (Vos et al. 2017) and surface gravity (Metchev et al. 2015; Vos et al.
2019). In Table 3 we show the full sample of brown dwarfs with measured variability amplitudes
and/or upper limits on infrared variability. This table includes their infrared amplitudes, rotation
periods, estimated ages and inclination angles. Figure 7 shows the full sample of field brown dwarfs
and young brown dwarfs with measured Spitzer variability amplitudes on a spectral type color di-
agram. The area of the symbol size is proportional to the observed variability amplitude. Upper
limits on the variability amplitudes of brown dwarfs are shown by lighter colored circles with a cross.
With the addition of 2MASS J0045+16 and 2MASS J0501−00 at early L spectral types we can begin
to study the variability properties of the low-gravity population across the entire L sequence. While
the sample is still relatively small some tentative trends emerge.
The left panel of Figure 8 shows the measured 3.6 µm variability amplitudes as a function of
spectral type. It is apparent that the maximum amplitudes for both field and young dwarfs increase
with cooler spectral type in the L sequence, as noted by Metchev et al. (2015) for the field dwarf
population. Metchev et al. (2015) also find a tentative correlation between low-gravity and high-
amplitude variability for the low-gravity objects with spectral types L3-L5.5. However, the current
sample of low-gravity variables show similar 3.6 µm amplitudes to the field dwarf population. It is
worth noting that for each spectral type, the object with the highest measured amplitude is young –
so there is the possibility that the highest intrinsic amplitudes occur in young objects, and that the
observed amplitudes can be reduced by secondary effects such as inclination angle (Vos et al. 2017).
The right panel of Figure 8 shows the amplitudes of 4.5 µm variability detections as a function of
spectral type. For early-L spectral types, the young population shares similar amplitudes with the
field brown dwarfs. In the late-L population, the four young ∼ L7 objects PSO J318.5-22 (Biller et al.
2018), WISEA 1147-2040, 2MASS 1119-1137AB (Schneider et al. 2018) and VHS1256-12b (Bowler
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Figure 8. Spitzer peak-to-peak variability amplitudes as a function of spectral type for L dwarfs. Variability
amplitude upper limits are shown for the field and young population by downward pointing arrows . Low-
gravity 3.6 µm detections (left) follow the same trend as the field brown dwarfs – increasing amplitude with
cooler spectral type. However the 4.5 µm detections show a tentative enhancement in amplitude at late-L
spectral types for low-gravity objects only.
et al. 2020; Zhou et al. 2020) show enhanced amplitudes compared to the field population. Note that
since 2MASS 1119-1137AB is a binary system (Best et al. 2017), its peak-to-peak amplitude of 0.96%
is likely underestimated since the variability signal may be diluted by its unresolved companion.
In the near-IR there seems to be a distinction in the behaviour of late-L young brown dwarfs
compared to field brown dwarfs. While older mid to late-L dwarfs (Yang et al. 2016; Manjavacas
et al. 2018) show a linear amplitude dependence on wavelength, the young objects PSO J318.5−22
(Biller et al. 2018), WISEP J004701.06+680352.1 (W0047, Lew et al. 2016) and HD203030B (Miles-
Pa´ez et al. 2019) show different amplitudes in the water absorption band at 1.4 µm. PSO J318.5−22
and W0047 both show decreased amplitudes in the water band while HD203030B shows a marginal
enhancement in amplitude in the water band. Furthermore, the water band variability amplitude of
PSO J318.5-22 appears to change between two rotations - initially showing a suppressed amplitude
followed by an amplitude similar to the continuum amplitude the following rotation (Biller et al.
2018). Miles-Pa´ez et al. (2019) suggest that this may be due to an increased height differentiation
between the condensate cloud layers and the high altitude water and carbon monoxide layer in
low-gravity objects. This would result in higher variability amplitudes for the young objects in
wavelength regions that are relatively free of water and carbon monoxide gas species. Enhanced
variability amplitudes have indeed been observed in the J-band (Vos et al. 2019). In the mid-IR
however, we tentatively observe enhanced amplitudes in late-L low-gravity objects at 4.5 µm but not
at 3.6 µm. More extensive mid-IR monitoring programs will be essential to statistically compare the
amplitudes between the two populations at 3.6 µm and 4.5 µm.
Figure 9 shows variability amplitude ratios (AJ , A3.6, A4.5) measured for low-gravity and field L
dwarfs. The brightness temperature of L dwarf atmospheres is strongly dependent on wavelength, and
the variability amplitude ratios in the near and mid-IR have been used to estimate the temperature
gradient among cloud layers or between regions of thin and thick clouds (Radigan et al. 2012; Heinze
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Figure 9. Variability amplitude ratios of field and young brown dwarfs. We do not find any significant
correlations between variability amplitudes in the J-band, at 3.6 µm and 4.5 µm for young and field dwarfs.
et al. 2013). Metchev et al. (2015) find no correlation between spectral type and A3.6/A4.5 amplitude
ratio. The top panel of Figure 9 shows that the new sample of young objects are not obvious outliers
in this plot. The mean A3.6/A4.5 across the L0-T0 range is 1.2 ± 0.5 for field brown dwarfs and
1.2± 0.6 for low-gravity objects, thus we see no difference between the two populations. The bottom
two panels of Figure 9 show ratios involving J-band detections. Apart from PSO J318.5−22 (Biller
et al. 2018), the mid-IR and J-band measurements were not taken simultaneously. Since variability
amplitudes are known to evolve rapidly in some cases (e.g. Apai et al. 2017), these results should be
interpreted with a degree of caution. The middle panel, which shows AJ/A3.6 amplitude ratio, by
eye suggests that this ratio may be higher for the young population. The mean AJ/A3.6 amplitude
ratio is 3.3 ± 1.8 for the field dwarfs and 6.4 ± 1.0 for the low-gravity objects. While the mean
amplitude ratios in this case are significantly different, more simultaneous amplitude measurements
are necessary to robustly investigate this possible trend. Finally, the bottom panel shows the AJ/A4.5
amplitude ratios for variable L dwarfs. The mean amplitude ratio is 3.7 ± 1.8 for the field dwarfs
and 4.9± 3.2 for the low-gravity sample, so we find no evidence of a difference between the samples.
Future simultaneous variability observations with JWST /NIRcam in the long and short wavelength
channels may shed light on the amplitude ratios of variability brown dwarfs in the future.
8. INCLINATION ANGLES OF VARIABLE BROWN DWARFS
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Combining our measurements for the rotation period and rotational velocity with a radius estimate
allows us to place constraints on the inclination angles of our targets. Filippazzo et al. (2015) provide
radius estimates for all three targets. They combine their calculated bolometric luminosity (Lbol) with
the inferred age of each target to find the range of predicted radii from evolutionary models. Radii
estimates, which depend on gas and condensate chemistry, molecular opacities, cloud modelling an
atmospheric boundary conditions (Saumon & Marley 2008), can be heavily dependent on the models.
To address this, Filippazzo et al. (2015) use the solar metallicity, hybrid cloud (SMHC08) models
Saumon & Marley (2008), the DUSTY00 models (Chabrier et al. 2000) and the fsed = 2 (SMf208)
models (Saumon & Marley 2008) to estimate the radii. Their final radius range for each source is
the minimum and maximum values of all three model predictions for the given age and Lbol, and
are not formal 1σ uncertainties. The range of estimated radii for the field brown dwarfs are in good
agreement with the handful of directly measured field dwarf radii (e.g. Pont et al. 2005; Deleuil et al.
2008; Bouchy et al. 2010; Siverd et al. 2012; Littlefair et al. 2014), however there has not yet been
an empirical test of the radii of the young (< 400 Myr) objects. Thus, for the young objects in
particular it is possible that the radii, and therefore the inclinations may be biased in some way.
We use Monte Carlo analysis to calculate the inclination of each target using normal distributions
for the periods and radii, and the v sin(i) distributions obtained in Section 2. sin(i) values that
fell above 1 were set equal to 1 since discarding them biased the results to lower inclination angles.
The inclination and error were calculated from the median and standard deviation of the resulting
distribution of sin(i). Since we did not detect significant variability for 2MASS J1425−36, we do not
have a measured rotation period. However, we can set a lower limit on the rotation period of 2.5
hr based on our ground-based variability detection (Vos et al. 2019), and an upper limit from our
v sin(i) measurement (Section 2). We compute the inclination angle of 2MASS J1425−36 using the
method described above, but we used a uniform distribution of 2.5 − 5.6 hr for the rotation period
based on our J-band light curve published in Vos et al. (2019), and the maximum period determined
from our v sin(i) measurement.
We show our input values for v sin(i), period and radius and our resulting inclination angles in Table
2. We find that 2MASS J0045+16 has an inclination angle of 22 ± 1◦, placing it close to a pole-on
alignment. We calculate an inclination angle of 60+20−9
◦
for 2MASS J0501−00. This inclination is less
accurate due to the large error bar on the rotation period, but 2MASS J0501−00 is clearly closer
to equator-on than 2MASS J0045+16. We find that 2MASS J1425−36 is inclined with an angle of
54+36−15
◦
, however a rotation period measurement is necessary to confirm this inclination angle.
8.1. Are the inclination angles randomly aligned?
Our total sample of 18 objects with measured inclinations allows us to test whether the sample is
inconsistent with the expected inclination angles of a sample of randomly oriented sample of objects.
This may be expected since equator-on objects tend to show higher variability amplitudes (Vos et al.
2017) so their rotation periods are more easily detected and measured with variability observations.
Moreover, brown dwarfs that are inclined pole-on should not exhibit variability due to rotational
modulation of atmospheric inhomogeneities, and this is evident by our lack of detections in brown
dwarfs with inclinations < 20◦ (Figure 11). Thus we would expect that the sample of variable objects
should be biased towards equator-on objects. For a sample of objects with random orientation, the
probability distribution of inclination angles is P (i) ∼ sin(i) (Vos et al. 2017). We perform a 1-D
Kolmogorov-Smirnov test to determine if the measured inclination angles differ significantly from a
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Figure 10. The cumulative probability distribution for a sample of objects with random orientation (blue)
compared to the measured sample of brown dwarf inclination angles (black). The Kolmogorov Smirnov test
results in a maximum deviation of ∼ 0.18 at 86◦, and a significance of 0.5. Our results show that there is
no significant difference between the two distributions.
Target v sin(i) (km/s) RV (km/s) Period (hr) Radius Estimate Inclination
2MASS J0045+16 31.76+0.45−0.41 5.19
+0.22
−0.25 2.4± 0.1 1.62± 0.06 22± 1◦
2MASS J0501−00 9.57+0.67−0.58 24.65+0.14−0.17 15.7± 0.2 1.38± 0.18 60+20−9
◦
2MASS J1425−36 33.08+0.53−0.49 5.38± 0.27 2.5− 5.6 1.32± 0.09 54+36−15
◦
Table 2. Measured v sin(i) values, rotation periods and inclinations for 2MASS J0045+16,
2MASS J0501−00 and 2MASS J1425−36.
randomly oriented distribution of inclination angles. We find a Kolmogorov-Smirnov test statistic
of ∼ 0.18, and a significance level of 0.5. Thus there is currently no evidence that the sample of
measured inclinations differs from that expected from randomly oriented objects. This will be a
useful test to run as a larger sample of inclination angles are measured in the future.
8.2. The variability amplitude is influenced by the inclination angle
The addition of three more objects with measured variability in the mid-IR and measured inclination
allows us to further test the relationships between inclination, variability amplitude and color anomaly
introduced by Vos et al. (2017). In the left panel of Figure 11 we update the plot showing the tentative
relation between inclination angle and [3.6] variability amplitude and in the right panel of Figure 11
we present the equivalent plot for [4.5] variability data. Both plots show that the population of high-
amplitude variables are viewed close to equator-on (90◦), while the maximum variability amplitudes
decrease as the object is viewed closer to pole-on (0◦).
We test the significance of the inclination dependence of the variability amplitude using the two-
dimensional two-sample Kolmogorov-Smirnov test (Peacock 1983; Fasano & Franceschini 1987),
which is used to assess the null hypothesis that two samples are drawn from the same two-dimensional
distribution. We simulate a random distribution of inclinations and amplitudes with the same sample
18 Vos et al.
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Figure 11. Inclination angle plotted against Spitzer [3.6] (left) and [4.5] (right) variability amplitude. The
population of high-amplitude variables are viewed close to equator-on (90◦), while the maximum variability
amplitudes decrease as the object is viewed closer to pole-on (0◦).
size and ranges as our data in Figure 11. The two-dimensional Kolmogorov-Smirnov test outputs a
test statistic which is a measure of the cumulative probability difference between the two distribu-
tions, and the p-value, the probability that the two samples are drawn from the same distribution
– in our case this is the probability that the data in Figure 11 are drawn from a random sample.
We run the two-dimensional Kolmogorov-Smirnov test on the 3.6 µm and 4.5 µm data 1000 times
each to obtain a distribution of the test statistic and p-value in each case. For the 3.6 µm data, we
find a Kolmogorov-Smirnov test statistic of 0.8 with a p-value of 2 × 10−5, indicating that the data
is significantly different from a random sample of inclinations and amplitudes. Similarly, the 4.5 µm
data gives a test statistic of 0.8 with a p-value of 4 × 10−5. Thus the effect of inclination angle on
the measured variability amplitude appears to be highly significant. The large body of variability
studies carried out to date has shown that the variability properties of brown dwarfs are affected
by fundamental properties such as temperature (e.g. Radigan et al. 2014; Metchev et al. 2015) and
gravity (e.g. Biller et al. 2018; Vos et al. 2019). In Figure 11, this is evident by the range of ampli-
tudes that have been observed in objects that are viewed with inclination angles close to 90◦. Our
analysis shows that inclination is a secondary effect that reduces the intrinsic variability signal for
objects not viewed equator-on.
8.3. The relation between inclination angle and color anomaly
We additionally examine the relation between inclination and color anomaly in Figure 12. The color
anomaly of a brown dwarf is defined as median (J −K)2MASS color of brown dwarfs with the same
spectral type and gravity class subtracted from the (J−K)2MASS color of the object (Vos et al. 2017).
Objects with a positive color anomaly appear redder than the median and objects with a negative
color anomaly appear bluer than the median. Red colors in brown dwarfs are generally explained by
the presence of thick clouds or hazes (Marley et al. 2012; Gizis et al. 2012; Hiranaka et al. 2016). Both
the young and field dwarfs seem to follow the apparent trend between high-inclination and red colors
in Figure 12. Following Press et al. (1986), we calculate the Spearman’s ρ coefficient to determine
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Figure 12. Inclination angle plotted against (J−K)2MASS color anomaly for variable young and field brown
dwarfs. The color anomaly of a brown dwarf is defined as median (J −K)2MASS color of brown dwarfs with
the same spectral type and gravity class subtracted from the (J −K)2MASS color of the object. We find a
tentative correlation between inclination angle and colour, where objects viewed equator-on appear redder
than the median.
the significance of this apparent relation. For the field population, we find a correlation coefficient of
0.71 with a 2.1σ significance. For the young population, we find a correlation coefficient of 0.73 with
a 2.1σ significance. For the combined population of both field and young object, we find a correlation
coefficient of 0.76 with a 3.2σ significance. As discussed in Vos et al. (2017), one explanation for this
correlation would be the accumulation of thicker clouds at the equator relative to the clouds, similar
to the zonally banded cloud patterns observed on Jupiter. Recently, Showman et al. (2019) presented
global, three-dimensional atmospheric simulations of brown dwarfs and giant planets, showing that
atmospheric waves and turbulence interact with the rotation to produce numerous zonal jets. While
these models do not include clouds, it is possible that the clouds may couple with these jets to form
a zonally banded cloud pattern, as we see on Jupiter (Showman et al. 2019).
9. ROTATION PERIODS OF YOUNG BROWN DWARFS
We combine our two new rotation periods with the rich sample of variable brown dwarfs to investi-
gate the relations between rotation period and age. Moore et al. (2019) provide a well-vetted sample
of brown dwarfs with measured rotation periods with ages (< 10 Myr). This young sample includes
variable brown dwarfs in the 1 Myr Orion Nebula Cluster reported by Rodr´ıguez-Ledesma et al.
(2009), members of the 3− 6 Myr Orion Belt region reported by Scholz & Eislo¨ffel (2004); Scholz &
Eislo¨ffel (2005); Cody & Hillenbrand (2010), members of Upper Sco (∼10 Myr, Scholz et al. 2015;
Moore et al. 2019) and members of Taurus (∼ 1 Myr, Scholz et al. 2018). Moore et al. (2019) define
absolute J-band magnitude cutoffs to separate brown dwarfs from low-mass stars in this sample. In
this < 10 Myr sample, the lower mass limits are at ∼ 0.02 M (Moore et al. 2019). We point the
reader to this paper for a detailed discussion of the vetting procedure for the < 10 Myr sample. The
intermediate age (10− 500 Myr) sample is compiled from variability monitoring programs reported
20 Vos et al.
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Figure 13. Rotation rates of brown dwarfs as a function of age. The ages of the field dwarf sample are not
known, and we plot them at 1 Gyr. Black lines show the expected rotation period evolution of a 10 MJup
(dashed) and 84 MJup (solid) object assuming conservation of angular momentum, with initial rotation
periods as the maximum and minimum periods measured for the 1 Myr sample, and using evolutionary
models Baraffe et al. (2015). The breakup period for masses of 10 MJup (dashed) and 84 MJup (solid) are
plotted in red. The population of brown dwarfs with measured rotation periods agree with the calculated
periods using evolutionary models and assuming angular momentum conservation.
by Metchev et al. (2015); Zhou et al. (2016); Biller et al. (2018); Schneider et al. (2018); Vos et al.
(2018); Zhou et al. (2018); Manjavacas et al. (2019). The field age sample is composed of variable
dwarfs reported by Metchev et al. (2015); Yang et al. (2016); Esplin et al. (2016); Cushing et al.
(2016); Leggett et al. (2016). Figure 13 shows the full sample of brown dwarfs with measured rota-
tion periods from 1 Myr to 1 Gyr. For the Orion Nebula Cluster, the Orion Belt region, Upper Sco
and Taurus, we have added a random spread in the ages of each object for clarity. As pointed out by
Moore et al. (2019), age uncertainties and age spreads for young clusters, young moving groups and
for the field sample are likely sources of error. As previously found by Scholz et al. (2015); Schneider
et al. (2018); Moore et al. (2019), we find that the sample of variable brown dwarfs spin-up over time,
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due in part to angular momentum conservation as the objects contract and possible disk-locking at
very young age (< 5 Myr; Scholz et al. 2018).
We investigate whether the current sample of measured rotation periods in consistent with gravita-
tional contraction using evolutionary models and assuming angular momentum conservation (Bouvier
et al. 2014; Scholz et al. 2015; Schneider et al. 2018). We use the evolutionary models of Baraffe
et al. (2015) to estimate the radii of brown dwarfs at 1 Myr with masses of 84 MJup and 10 MJup and
the maximum and minimum measured periods from this age group. Assuming angular momentum
conservation, we then calculated the expected periods from 1 Myr - 1 Gyr using the predicted radii
from Baraffe et al. (2015). Since the Baraffe et al. (2015) models do not reach 1 Gyr for the low-mass
objects, we artificially add a final radius data point of 1 RJup at 1 Gyr. This additional radius value
is also added by Schneider et al. (2018), but is not explained in the text. In Figure 13, we plot the
period evolution assuming angular moment conservation for two brown dwarfs in black.
The lower limit for the rotation period of a rotating object is known as the “breakup period”. We
calculate the breakup period by equating the equatorial velocity with the escape velocity (Leggett
et al. 2016), which changes in time as the radius contracts. This method assumes a spherical object,
however in reality a rapidly rotating object will experience strong flattening. In Figure 13 we plot
the breakup period of a 10 MJup and 84 MJup object in red. The brown dwarfs in Figure 13 show a
wide spread in rotation period measurements at each age, but the “spin-up” of brown dwarfs with
age is evident. Comparing with the angular momentum conservation and break-up limits based on
evolutionary models, we see that the general population of brown dwarfs with measured rotation
periods agree with these limits. Additional variability data for members of young moving groups as
part of our 30 object Spitzer Program 14128 (PI: J. Faherty, Vos et al. in prep) will allow us to fill
in the intermediate age sample, and further investigate the angular momentum evolution of brown
dwarfs over their lifetime, and in particular investigate the effects of mass on the spin-up process, as
has been studied for the < 10 Myr population by Scholz et al. (2018).
10. CONCLUSIONS
In this paper we present Spitzer 3.6 µm and 4.5 µm variability monitoring observations of
three young L dwarfs previously found to exhibit variability in the near-IR (Vos et al. 2019),
2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36.
• We use new and published high-resolution spectra to measure the rotational velocities of
2MASS J0045+16, 2MASS J0501−00 and 2MASS J1425−36. We combine these v sin(i) values
with estimated radii to place upper limits on the rotation periods of each target, which guided
our Spitzer observation lengths.
• We detect significant periodic variability in 2MASS J0045+16 and 2MASS J0501−00 at 3.6 µm
and 4.5 µm, but do not detect variability in 2MASS J1425−36.
• We measure rotation periods of 2.4 ± 0.1 hr for 2MASS J0045+16 and 15.7 ± 0.2 hr for
2MASS J0501−00. Since 2MASS J1425−36 does not show variability in our Spitzer obser-
vations, we do not measure a rotation period for this object. However, based on our earlier
ground-based monitoring and measured v sin(i), we can estimate a rotation period of 2.4− 5.6
hr for 2MASS J1425−36.
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• We combine these new Spitzer detections with the growing sample of young and field brown
dwarfs with detected mid-IR variability to investigate their variability amplitudes, inclination
angles and rotation periods, particularly focusing on potential differences between the young
and field brown dwarf populations.
• Previous variability searches found correlations between low-gravity and high-amplitude vari-
ability for L dwarfs, both in the mid-IR (Metchev et al. 2015) and near-IR (Vos et al. 2019). We
find no evidence for an increase in 3.6 µm amplitude in the young dwarfs compared to the field
population. At 4.5 µm, we do not find an amplitude enhancement for young, early-L dwarfs.
However, there is an apparent enhancement of 4.5 µm amplitude for young, late-L dwarfs.
• We calculate the inclination angles of each target, finding inclinations of 22 ± 1◦ for
2MASS J0045+16, 60+20−9
◦
for 2MASS J0501−00 and 54+36−16◦ for 2MASS J1425−36. These new
inclination angles are consistent with the tentative relations between inclination, amplitude
and colour reported by Vos et al. (2017). The largest variability amplitudes are observed for
brown dwarfs that are observed equator-on, and the maximum amplitude decreases for lower
inclinations.
• We find a correlation between inclination angle and (J − K)2MASS for the sample of brown
dwarfs with measured inclinations. This suggests that brown dwarfs viewed equator-on appear
redder than the median and brown dwarfs viewed pole-on appear bluer than the median.
• Finally, we compile the rotation periods of a large sample of brown dwarfs with ages 1 Myr to
field ages and compare the rotation rates predicted by evolutionary models assuming angular
momentum conservation. We find that the rotation rates of the current sample of brown dwarfs
generally falls within the limits set by evolutionary models and breakup limits. In future work
we will examine the mass dependence of the spin-up process.
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APPENDIX
A. POSTERIOR DISTRIBUTIONS OF VARIABILITY PARAMETERS
Figure 14. Posterior distribution of amplitude, period and phase parameters for 2MASS J0045+16. Left
panel shows parameters for Channel 2 data, right panel shows fit for Channel 1 data.
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Figure 15. Posterior distribution of amplitude, period and phase parameters for 2MASS J0501−00. Left
panel shows parameters for Channel 2 data, right panel shows fit for Channel 1 data.
Figure 16. Posterior distribution of amplitude, period and phase parameters for sinusoidal fit to the full
Channel 1 and Channel 2 light curve of 2MASS J0501−00.
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B. PIXEL POSITION VARIATIONS OVER SPITZER VARIATIONS
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Figure 17. Corrected relative flux (top panel), x pixel position (middle panel) and y pixel position (bottom
panel) for Spitzer [4.5 µm] (left) and [3.6 µm] (right) monitoring of 2MASS J0045+16. The observed
variability is not correlated with the x,y pixel positions.
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Figure 18. Corrected relative flux (top panel), x pixel position (middle panel) and y pixel position (bottom
panel) for Spitzer [4.5 µm] (left) and [3.6 µm] (right) monitoring of 2MASS J0501−00. The observed
variability is not correlated with the x,y pixel positions.
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Figure 19. Corrected relative flux (top panel), x pixel position (middle panel) and y pixel position (bottom
panel) for Spitzer [4.5 µm] (left) and [3.6 µm] (right) monitoring of 2MASS J1425−36. We do not detect
significant variability is 2MASS J1425−36.
